The phagocytic and candidacidal activities of the peritoneal cells of Candida a&cans-infected mice were studied 20 days following experimental infection. Both activities were enhanced during infection. The production of nitric oxide (NO) by the peritoneal cells of infected mice was determined, and an increase in the nitrite concentration in supematants of peritoneal cell cultures was detected. The period of NO production by the peritoneal cells coincided partially with the period of enhanced C. albicuns killing. The inhibition of NO synthesis by N-monomethyl+arginine was concomitant with inhibition of candidacidal activity. We conclude that NO synthesis is the primary candidacidal mechanism of the murine peritoneal cells activated by C. afbicuns infection.
Introduction
Phagocytosis is one of the major innate mechanisms contributing to resistance to Candida albicans in the healthy individual, but the ability of mononuclear phagocytes from non-compromised hosts to kill C. albicans is somewhat controversial, while polymorphonuclear leukocytes are well known as effective candidacidal agents [l-3] . The fungicidal mechanisms of murine peritoneal macrophages have not been well established.
Some authors attribute the candidacidal activity of these cells to proteinaceous Stuehr and Marletta [7] . Subsequently it was revealed that NO was the active intermediate and also responsible for the microbicidal function of activated macrophages [S] . This molecule, synthesized through an L-arginine-dependent synthase, has been proposed to be a primary defense mechanism against intracellular microorganisms as well as pathogens such as fungi and helminths [3, 9] .
Recently, Cenci et al. [lo] and Vazquez-Torres et al. [ll] reported the killing of C. albicans by murine peritoneal macrophages activated by interferon-y (IFN-y), and the correlation of this event with the production of NO by macrophages.
The purpose of this study was to investigate the phagocytic activity, reactive oxygen intermediates ability of C. albicans to stimulate the murine periproduction, candidacidal activity and nitric oxide toneal mononuclear phagocytes, the relationship beproduction by the peritoneal cells from both groups tween phagocytic activity, NO production and the of animals were determined every second day during candidacidal activity of these cells, and the evolution 20 days. We used between 3 and 5 animals from of these activities during experimental infection.
each group every day.
2.5. Murine serum 2. Materials and methods
Microorganism, maintenance and inoculum
Candida albicans E-139 was maintained on GYE-agar (glucose, 20 g I-', yeast extract, 10 g I-', agar 20 g 1-l). The inoculum for the experimental infection of the animals was prepared as previously described [12] . Briefly, yeast cells (lo7 cells ml-') grown in medium 199 at 24" C for 24 h were transferred to fresh medium 199. After 5 h at 24" C the cells were washed and suspended in saline. The concentration was adjusted to lo6 cfu ml-'. Anaesthetized animals were bled by sectioning the jugular vein. The blood was collected, allowed to clot for 1 h at room temperature, and centrifuged at 13 000 'pm for 5 min. The serum from each animal was kept separately on ice until used.
Peritoneal cells (PC)
Opsonised heat-inactivated C. afbicans (OHICA) cells for the chemiluminiscence tests were prepared as follows. Cells grown on GYE-agar at 24" C for 24 h were washed and suspended in saline, boiled for 30 min, washed again and suspended in saline. Opsonization was accomplished by adding 10% murine serum to the suspension of inactivated cells followed by incubation at 37" C for 30 min, and washing and suspending the opsonised inactivated cells in Dulbecco modified Eagle's medium (DMEM).
Peritoneal cells (PC) were obtained from the mice after intraperitoneal injection of 2 ml of saline containing 50 UI ml-' sodium heparin. The peritoneal cavity was opened and the liquid withdrawn with a Pasteur pipette and centrifuged at 13 000 rpm, 20 s in siliconized Eppendorf tubes. The sedimented cells were suspended in 0.01 M Tris-HCl containing 8.3 g 1-r NH, Cl at room temperature, washed three times with Hanks' balanced salt solution with heparin (0.5 UI ml-' ) and suspended in DMEM. The viability of the peritoneal cells was checked by exclusion of Trypan blue dye (2 g I-' in saline) and the concentration was determined by microscopy. At least 90% of the cells were found to be macrophages. The cells from each mouse were maintained separately.
Determination of colony forming units (~$4~
2.7. Phagocytic assay C. albicans suspensions were plated on GYE-agar, incubated at 37" C for 24 h, and counted.
Animals
Female outbred Swiss OF1 mice, 6-8 weeks old, were used. Mice were fed with standard mouse diet and water ad libitum.
Experimental infection
Mice were intravenously (i.v.) infected with lo5 C. albicans yeast cells suspended in 0.1 ml saline. Controls were injected with 0.1 ml saline (i.v.>. The Phagocytosis was studied by a method based on Lehrer and Cline [l] . In a final volume of 0.2 ml DMEM, 3.5 lo5 PC and 1.75 lo6 C. albicans yeast cells were mixed with 0.02 ml autologous serum. After incubation for 40 min, phagocytosis was stopped by placing the tubes in ice. Smears were prepared from each sample. The slides were stained in "quick panoptic" (QCA 994878) and counted under a 100 X objective. Three different areas were counted in every slide, and 100 PC in each area. PC-ingesting C. albicans yeast cells were considered phagocytizing cells, and the percentage with respect to the total PC was determined. The phagocytic index per PC was estimated dividing the total number of intracellular C. a&cans counted by the number of PC containing C. albicans.
Candidacidal assay
The method used is based on the one described by Lehrer and Cline [l] . In a final volume of 0.2 ml DMEM, 3.5 lo5 PC and 3.5 lo5 C. albicans cells were mixed with 0.02 ml autologous serum. The tubes were incubated at 37" C for 90 min. The killing was stopped by placing the tubes in ice. They were centrifuged at 13000 rpm for 2.5 min, and the sediment was suspended in 0.1 ml DMEM. The PC were lysed with 25 ~1 sodium deoxycholate (25 g 1-i water). After 30 s, 0.1 ml methylene blue (0.45 g l-' water) was added, and 30 s afterwards the viability of C. albicans was determined microscopically by methylene blue exclusion. Blue cells were considered as killed. Controls without PC were run in parallel. Candidacidal activity was calculated as the percentage of killed cells in PC samples minus the percentage of killed cells in controls. For inhibition studies, 2 mM N-monomethyl-t,-arginine (NMMA, Sigma M 7033) was added to the medium before incubation.
Chemiluminiscence
The luminol method recommended by LKB [13] was used to detect products of the oxidative metabolism.
In a final volume of 1 ml DMEM containing 0.07 mM luminol and 4 X 10' OHICA, 5 X 10' PC were suspended. The light emitted was recorded every 5 min for 40 min in an LKB luminometer (mod. Bio-orbit 1250) and the maximum determination for each sample was chosen as the representative measurement.
Nitric oxide production by PC
A total amount of lo6 PC suspended in 0.25 ml DMEM was incubated for 18 h at 37" C in 5% CO,. After that time the tubes were centrifuged at 13000 rpm for 2.5 min. From the supematant, 0.2 ml were used for nitric oxide determination.
For inhibition studies, 2 mM NMMA was added to the medium before incubation.
Nitrite assay
Nitric oxide was indirectly determined as nitrite using the Griess reagent [14] . To 0.2 ml of sample, 0.4 ml sulfanilamide (1%) in phosphoric acid (2.5%) and 0.4 ml N-(l-naphthyl)-ethylenediaminedihydrochloride (NED) 0.5% in phosphoric acid (2.5%) were added. After 10 min at room temperature the absorbance at 540 nm was determined. Sodium nitrite (O-25 PM) was used for the calibration curve.
Statistics
Student's t-test was applied to data. The differences were considered significant when P < 0.05.
Results

Phagocytic activity of the PC
The percentage of phagocytizing cells and the phagocytic index were considered as indicators of the phagocytic activity of the PC of infected and control mice. The infection with C. albicuns induced a slight, immediate (day 01 and transient decrease in both parameters (Fig. 11 . After the second day postinfection, both aspects of the phagocytic event were enhanced. The enhancement was maintained until the 8th day in the case of the percentage of phagocytizing cells, and until the 6th day in that of the phagocytic index. After that time, both came back to the normal values found in the control group.
Reactive oxygen intermediates production
No chemiluminiscence was detected in either the PC from controls (1.08 mV> or from infected animals (1.63 mV>. We conclude, therefore, that no reactive oxygen intermediates were generated by the PC of healthy or C. albicans-infected mice.
Candidacidal activity of the PC
The differences observed between the two groups of animals (Fig. 2) are significant between days 4 and 10, when the activity of the PC from infected mice was higher. A maximum in the candidacidal activity of the PC from infected mice was recorded at day 10, although there were no significant differences between the data from days 6, 8 and 10. The period of enhanced candidacidal activity was partially coincident with the period of enhanced phagocytic activity.
Nitric oxide production by the PC
The nitrite concentration in the supematant of the PC cultures from infected mice was significantly higher than in the PC from controls between days 0 and 10 (Fig. 3) . A maximum in nitrite concentration was observed at day 4, although is not significantly different from the measurements of days 2, 6 or 8. The period of higher nitrite production coincided partially with the periods of enhanced phagocytic and candidacidal activity.
Effect of N-monomethyl-t-arginine
(NMMA) on the candidacidal activity and the nitric oxide production by the PC In order to elicit whether there was a real correlation between the nitric oxide production and the candidacidal activity of the PC or whether there was just a coincidence, we studied the effect of NMMA, an inhibitor of the nitric oxide synthase, on both activities. PC from five mice with candidiasis in their 6th day after infection were used separately. We chose that day because it is approximately in the middle of the period of maximum phagocytic and candidacidal activity and NO production. As is shown in Fig. 4 , the addition of NMMA inhibited both the nitric oxide production (99.6% inhibition) and the candidacidal activity (83.8% inhibition).
Discussion
The infection by C. albicans induced an enhancement in the activity of the murine peritoneal macrophages, as was revealed by the phagocytic activity, the candidacidal activity and the synthesis of nitric oxide by these cells. The period of enhanced activity was not exactly the same for all the parameters mentioned, but all coincided between days 4 and 6 after infection. Enhancement of NO synthesis and candidacidal activity was coincident between days 4 and 10, and then both decreased TV levels similar to the non-infected controls. When an inhibitor of the NO synthase (NMMA) was added to the macrophages obtained from animals in their 6th day post-infection, a significant decrease in nitrite concentration was detected. Simultaneously, the candidacidal activity was also inhibited, showing the direct relation between both events. The remaining killing after NMMA addition was even lower than the killing measured in controls.
The relationship between the microbicidal ability of murine peritoneal macrophages against different target microorganisms and the production of reactive nitrogen intermediates by these cells has been reported in the past few years by numerous authors [3, . In relation to the fungicidal activity of this kind of compound, Levitz and DiBenedetto [15] and Granger et al.
[ 141 reported NO-dependent killing of Cryptococcus neoformans by murine peritoneal cells. Two papers [lO,ll] have recently reported the NO-dependent killing of C. albicans by murine macrophages activated with IFN-y. In our work the macrophages were activated in vivo by the fungus itself, during an experimental infection.
With regard to the nitrite levels detected, they seem to be low, although it is difficult to compare data from different sources due to the diverse experimental conditions. This might be due to the fact that most works published deal with macrophages activated by IFN-y or even IFN-y plus another stimulus (LPS, microorganism or others), while in our work the only stimulus was the fungus, C. albicans, injected i.v. into the animal. As for the candidacidal activity, the percentage of killing we found was similar to the values reported by authors using comparable conditions and methods [6] but lower than that observed in studies with different conditions or methods [2, 25] . The in vivo significance of this macrophage activity is not clear as it was apparently weak. In fact, only 40% of the animals survived at the end of the period of study (data not shown).
The chemiluminiscence remained at a low level, similar to that of the controls along the period of study. We conclude that C. albicans did not induce the generation of reactive oxygen intermediates, despite the reports of other authors like Brummer and Stevens [5] and Redmon et al. [26] , who detected reactive oxygen intermediates not only in interferon-activated macrophages, but also in nonactivated macrophages challenged with C. albicans.
In conclusion the data of this paper indicates that C. albicans induce the NO synthase activity of the murine peritoneal macrophages and that this activity correlates with an increase in the candidacidal activity of these macrophages.
